Summary Aerobic recovery after a 60-sec tetanus of skeletal muscle of frog was studied using the in vivo 31P-NMR method with a topical magnetic resonance spectrometer (TMR) at 17°C. Creatine phosphate recovered with a time constant of about 25 min-1. Sugar phosphates increased by the Pasteur effect, and saturated at about 4.5 mmol/kg muscle. The high level of the sugar phosphates was sustained during the following 60 min.
The changes in phosphorous compounds, lactate, and intracellular pH of muscle due to muscular contraction have been studied in vitro by several investigators using 31P-NMR (BURT et al., 1976; DAWSON et al., 1977 DAWSON et al., , 1980 YOsHIZAKI, 1978; YAMADA and TANOKURA, 1983) , and 1H-NMR (YOSHIZAKI et al., 1981; SEo et al., 1983b) . In this report, in vivo study was performed on the aerobic recovery of muscle following tetanus. The recoveries of creatine phosphate, ATP, inorganic phosphate, sugar phosphates, and intracellular pH following a 60-sec tetanus were followed by 31P-NMR at 17°C.
In vivo 31P-NMR spectra of muscle were obtained with a TMR-32/200 spectrometer (Oxford Research Systems, England) with a frequency of 32.5 MHz. A 5-turn radio-frequency (RF) coil (10 mm diameter) was used after shiming with water resonance in a spherical phantom (20 mm diameter). A 10 ,usec pulse was applied every 0.6 sec to the sample and 500-or 1000-time accumulation was performed. The signal areas were analyzed by the method reported by DAWSON et al. (1980) to determine the amount of each phosphorous compound. The factors of saturation of signals were determined by comparison with the signal intensities obtained separately applying pulses at intervals of 10 sec. Intracellular pH was calculated from the chemical shift of inorganic phosphate in 31P-NMR spectra by using a pK' value of 6.77 (SE0 et al., 1983a) . The chemical shifts were expressed relative to the chemical shift of creatine phosphate (0.00 ppm) as an internal reference (GADTAN et al., 1979) .
Five pairs of gastrocnemius muscles of bullfrogs (Rana catesbeiana) were used. Inducing anesthesia with ether inhalation, the frog was fixed and the gastrocnemius muscle of the left hind limb was placed on the RF coil. After a spectrum of the resting muscle was collected, a 60-sec tetanic stimulation was given with electrodes placed on the surface of the muscle. Thereafter, 31P-NMR spectra were obtained successively for 1 hr. At 70 min after tetanus, the muscle was dissected and frozen with liquid nitrogen. Then, a 60-sec tetanic stimulation was applied to the muscle of the right hind limb, and dissected and frozen at 1 min after the tetanus. Both muscles were homogenized with 6 % perchloric acid. After the homogenate was centrifuged, the supernatant was neutralized by 3 M K2C03 and used for the determination of lactate by an enzymatic method using lactate dehydrogenase and NAD (OLsoN,1962) . The changes of the metabolites (ATP, creatine phosphate (PCr), sugar phosphates (S-P), inorganic phosphate (P1)) and intracellular pH (pH1) are shown in Fig. 1 . In the resting muscle, pH1 was 7.34±0.09, which is slightly higher than that obtained in vitro (BURT et a!., 1976; DAwsoN et a!.,1977; SEO et a!., 1983a, b) . The lactate content in the muscle increased due to anaerobic glycolysis, and was 12.9±1.9 mmol/kg muscle at 1 min after a 60-sec tetanus. At 70 min after the tetanus, lactate descreased to 3.6±1.1 mmol/kg muscle, which was slightly higher than that of the resting muscle (2.1 mmol/kg muscle as mean of 2 resting muscles). The content of ATP was maintained constant by the Lohmann reaction. During the aerobic recovery, PCr was recovered exponentially with a time constant of ca. 25 min -1. This recovery of PCr at 17°C is relatively slower than the results obtained in vitro. The time constant is twice as large as the values reported for the aerobic recovery at 0°C (KUSHMERICK and PAUL, 1976) and at 4°C (YAMADA and TANOKURA,1983) . One possible reason for this difference is the effect of temperature. The lower the muscle temperature is, the lower the metabolic rate of the resting muscle. The apparent recovery of PCr then becomes faster at the lower temperature. Differences in the conditions of experiments in vitro and in vivo might also affect the results. During the experiment in vitro, muscle is usually perfused by fresh perfusate which contains no lactate, while during the experiment in vivo, the blood which perfuses muscle is contaminated by lactate eluted from muscle, which hinders the muscle recovery.
The increase of P, due to the tetanus was relatively small and, during the aerobic recovery, the content of Pi decreased to a lower level than that of resting muscle. As shown in Fig. 2 , the ratio of the change in Pi to the rebuilt PCr is 0.7, which indicates that P, is utilized not only for PCr formation by the aerobic metabolism during aerobic recovery, but for S-P formation in glycolysis during contraction.
The content of S-P markedly increased to 4.5 mmol/kg muscle after the tetanus. Because, the change in S-P (4S-P) levelled off as the increase of the splitting of PCr (4PCr) increased (Fig. 2) , this level can be considered to be the maximal content of sugar phosphates in the glycolytic pathway. The content of S-P showed little decrement during 60 min following the tetanus. This noticeable finding has also been observed in in vitro experiments by DAWSON et al. (1977) at 4°C. The resonance of S-P was observed as a single peak and the chemical shift was about -7.1 ppm. Thus, the major component of the resonance was considered to be glucose-6-phosphate (GADIAN et al., 1979) . Therefore, the result may suggest the deposition of glucose-6-phosphate as the result of the Pasteur effect. Because the aerobic pathway is the major path to supply energy during the aerobic recovery, the utilization of sugar phosphates should be small and the concentrations of sugar phosphates in the upstream to the crossover point in glycolysis should remain high. 
